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Abstract Results of the hitherto research work on alka-
lisation of lignocellulosic materials have been much
divergent. In view of the above, the subject of this study is
mercerization of cellulose from pine wood. This choice of
the subject permitted observation of transformation of
cellulose I to cellulose II with no participation of other
components of lignocellulosic materials. According to
X-ray results, during mercerization the isolated cellulose
was easily (completely) transformed into cellulose II
variety, while the pine wood was converted more slowly to
cellulose II polymorphs. Therefore, it could be concluded
that the presence of lignin and hemicelluloses in wood
prevented the transformation from cellulose I to II. The
main objective of this research was to establish the effect of
cellulose varieties on the nucleation ability of different
fillers by using differential scanning calorimetry (DSC) and
polarizing microscopy. The nucleating effect of the fillers
occurs only in the presence of cellulose I variety. In
contrast, the presence of cellulose II variety seems to
practically eliminate the nucleating effect of the fillers.
Moreover, nucleation of the mercerized wood (mixture of
cellulose I and II) can be also observed, but this effect is
not strong. It should be emphasised that as yet no corre-
lation has been reported between the quantitative compo-
sition of cellulose polymorphic forms (appearing not only
in wood, but in cellulose isolated from wood as well) and
the nucleation ability of lignocellulosic fillers.
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Introduction
Composites of polypropylene with wood have been
recently given much attention at research and industry
centres. It has been projected that production of such
composites may soon become an important sector in plastic
industry, at a level of 18 % in a year in North America and
14 % a year in Europe [1, 2]. The interest in these materials
stems from interesting and specific properties of wood used
as a filler of plastics [3–6]. Wood can be an alternative to
the other commonly used fillers such as carbon fibres, glass
fibres, silica, talk, and others. It should be emphasised that
a rational approach to designing process of production of
composite materials of lignocellulose materials and poly-
mers needs analysis of such problems as thermal stability
of the natural components in the process, adhesion of the
components, and nucleating ability of the components.
As follows from analysis of literature, the key problem
in producing composite materials is a good interphase
adhesion between the polymer matrix and the lignocellu-
lose filler. Poor adhesion means that on processing of the
composites the unmodified lignocellulose components
show a tendency toward aggregation as a consequence of
the intermolecular interactions between the filler molecules
[7]. For this reason many authors have been searching for
methods of chemical or physical modifications of the
components [8–11]. Analysis of literature data has revealed
many controversies; often the use of the same modifica-
tions of the lignocellulose component would bring different
results. An example of such controversies is the opinions
regarding the use of mercerization. The necessity of
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mercerization as a step preceding chemical modification
follows from the fact that the hydroxyl groups of native
cellulose are not sufficiently reactive with the modifiers
applied [12]. It should be added that mercerization is also
responsible for the formation of another polymorphic
variety of cellulose (cellulose II), which has been described
in [13–19]. Mercerization can have a beneficial effect on
mechanical properties of polymer composites [20–29].
This fact has been explained by increased roughness of the
lignocellulose filler as a result of removal of low-molecular
components and fibrillation of the filler. Another reason
behind the improvement of composites properties is the
removal of lignin, which is responsible for filler agglom-
eration and inhibition of cellulose molecules diffusion to
the chains of the polymer matrix. In general the beneficial
role of mercerization is not only to remove fats and
impurities from the surface of lignocellulose filler, but also
to remove lignin and hemicellulose, which improves the
interactions between the filler and the matrix and leads to a
better dispersion of the filler in the matrix. Nevertheless,
some authors have not confirmed the positive role of
mercerization in improvement of macroscopic properties of
the composites [30–32]. These authors studied composites
of polypropylene with wood showing poor adhesion and
their morphology investigation revealed numerous cracks
and pores in the interphase surface.
Another problem of concern in this area is the influence
of mercerization process on the polymorphism of cellulose
component [13–19]. In particular, it is interesting to
establish the effect of changes in the polymorphic varieties
of cellulose induced by wood mercerization on interphase
structure in composite materials. The filler surface can
have many active sites that can be potentially responsible
for high density nucleation leading to the growth of poly-
mer crystallites in the direction perpendicular to the filler
surface. This phenomenon leads to formation of a column-
like crystalline layer known as the transcrystalline layer
(TCL). Transcrystallization is possible if the energetic
conditions of the process of nucleation are more favorable
on the filler surface than in the bulk polymer [33]. Trans-
crystallization has been studied for over half of a century
and it has been shown that many factors affect formation of
TCL structures. Although the formation of transcrystalline
structures has important effect on the properties and char-
acter of the composites produced, the mechanisms of their
formation have not been fully recognized and the influence
of the chemical treatment of the lignocellulose component
on the development of TCL structures is ambiguous and
controversial. An important problem in the context of
determination of the mechanisms of TCL structures for-
mation can be the polymorphism of cellulose contained in
the natural fillers. That is why the process of mercerization
responsible for the appearance of cellulose polymorphic
forms deserves close analysis. According to literature data,
the treatment of lignocellulose materials with alkaline
chemical leads to definite deterioration of the ability to
form TCL structures and often inhibits their formation [34].
High nucleation activity of only one polymorphic variety
of cellulose (cellulose I) can be a consequence of the match
between the crystallographic structures of cellulose and
polypropylene, as studied in detail by Quillin et al. [35]. On
the basis of the Wittman and Lotz theory [36], Quillin et al.
have found that there is a very good match between the
sizes of cellulose I chains (0.82 nm) and methyl groups of
polypropylene (0.84 nm). Such a match of these sizes at
the molecular level can be a reason for epitaxial growth of
TCL structures on the surface of cellulose I. The lattice
parameters of elementary cell of cellulose II are similar to
those of cellulose I but in II the cellulose chains are not in
the planar configuration as they are in I. An explanation of
TCL formation based on this match has been proposed by
Felix et al. [37]. According to these authors, transcrystal-
lization is a result of interactions between polypropylene
and cellulose at the molecular level. The specific configu-
ration permits the interactions between methyl groups of
polypropylene and the glycoside bonds on the cellulose
surface. The electron density around the methyl group is
sufficiently high to enable van der Waals interactions with
oxygen in the glycoside bond. The distance between two
methyl along the direction c is 0.65 nm, which is close to
that between the oxygen atoms in the glycoside bond of
0.66 nm. This matching sizes can be responsible for initi-
ation of development of transcrystalline structures.
The present work is a follow-up of our earlier studies
[38, 39] on the mercerization of wood. In a preliminary
study, we showed that the mercerization of these samples
led to a decrease in the nucleating ability of the polymer
matrix. The effectiveness of nucleation of the polymer
matrix to a considerable degree depends on the polymor-
phic form of cellulose in the lignocellulose filler. Mercer-
ization of pine wood in the conditions in which
polymorphic transition of cellulose does not take place,
[38], stimulates much greater nucleation activity of the
filler than in the wood subjected to alkalization favoring
formation of cellulose II [39]. According to DSC results,
the composites with cellulose II containing filler show very
low nucleating ability, similar to that of unmodified poly-
propylene. On the basis of earlier studies [40] whose results
were interpreted in the terms of the theory of heteroge-
neous nucleation [41], the composites with wood contain-
ing cellulose I only (unmodified or alkalized in the
conditions not inducing conversion from cellulose I to II)
were found to be characterized by nucleation of epitaxial
character only. In the systems with wood containing cel-




So far, most investigations dealing with mercerization of
cellulose have only focused on whole cellulose fillers, i.e.,
flax, hemp, sisal, jute, and wood. The main goal of this
research was to learn the effect of alkalization of cellulose
(separated from wood samples) on nucleation ability of
polypropylene matrix, whose effect has not been studied so
far. An understanding of the relationships between poly-
morphic varieties of cellulose and development of super-
molecular structure of polymer matrix in composite system
is important for scientific progress. Moreover, knowledge
of the phenomena taking place at the interphase boundary
polymer/filler permits optimization of the processing




An unmodified wood (Pinus silvestris) particles, taken after
sieve analysis from 1-mm mesh supplied by Forestry-
Kaminska, Poland was used in the performed experiments.
The chemical composition of wood was as follows:
cellulose content was 51.4 %, lignin content was 26.2 %,
and extractive content was 3.4 %.
The content of lignin and extractive substances in pine
wood studied was determined by TAPPI method, accord-
ing to the norm PN-92/P-50092 [42]. At first the wood
sample is subjected to two-stage extraction by 96 % ethyl
alcohol in a Soxhlet apparatus and by a mixture of ethyl
alcohol and benzene at the mass ratio of 1:2. After washing
in ethyl alcohol, the wood is washed in hot water and then
dried at room temperature. Then the sample of a known
moisture content is placed in a 72 % sulphuric acid solu-
tion cooled to 10–15 C for 2 h. The sample obtained is
diluted with water and boiled under reflux for 4 h. When
lignin is precipitated on the bottom of the flask, the
mixture is filtered and the deposit is washed with hot water
till disappearance of acidic pH. The precipitate is dried
at 105 C.
The content of extractive substances is determined in a
Soxhlet apparatus with dichloromethane and 96 % ethyl
alcohol as a solvent. The process of extraction lasts for
4–6 h, then the solvent is evaporated into the extractor and
the extract is dried to constant mass at 105 C.
Cellulose
The isolation of cellulose from pine wood was performed
by the use of the Ku¨rschner–Hoffer method [43].
The wood sample of the known moisture content is
heated in a flask with a reflux condenser in a mixture of
ethyl alcohol and nitric acid for 1 h. After this time the
liquid is decanted and the wood sample is flooded again
with a mixture of ethyl alcohol and nitric acid and heated
for 1 h. Then the liquid is decanted and the precipitate is
washed a few times with hot water, then it is flooded with
hot water and heated under reflux for 30 min. At the last
stage the precipitate is filtered off and washed with distilled
water until neutral pH followed by drying at 105 C.
Polypropylene
The isotactic polypropylene Malen F-401 was supplied by
Basell Orlen Polyolefins (Plock, Poland). The melting
temperature of the PP is 163–164 C. The melt flow index
was about 2.4–3.2 g/10 min (at 230 C and 2.16 kg) and
isotacticity was 95 %.
Mercerization process of cellulose
The pine wood and cellulose isolated form wood were
mercerized by subjecting them to 16 % NaOH solution
treatment at room temperature for 60 min with vigorous
stirring. The obtained slurry was filtered and thoroughly
washed with distilled water until wash water reached a
neutral pH. The prepared samples were then dried at ca.
110 C in a vacuum oven for 48 h prior to further
experiments.
Wide angle X-ray scattering (WAXS)
The structure of native and mercerized samples were ana-
lyzed by means of wide-angle X-ray scattering (WAXS).
The diffraction pattern was recorded between 5 and 30
(2h-angle range) in the step of 0.04/3 s. The wavelength
of the Cu Ka radiation source was 1.5418 A˚, and the
spectra were obtained at 30 mA with an accelerating
voltage of 40 kV.
The deconvolution of peaks was performed by the
method proposed by Hindeleh and Johnson [44], improved
and programmed by Rabiej [45]. After separation of X-ray
diffraction lines, the relative amount of the polymorphic
phases of cellulose (cellulose I and II) can be estimated on
the basis of the separated area under the peaks of cellulose I
and II. The details of this calculation procedure have been
introduced in earlier publication [46].
Preparation of the composites
Prior to the extrusion process, the fillers were dried until
1 % moisture content in order to prevent the steaming in
the extruder. The composites containing 50 wt% of the
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native and the mercerized samples were homogenized in
Fairex extruder (Mc Neil Akron Repiquet, France) with a
length-to-diameter ratio L/D = 25. The barrel and die
temperatures were 195 C and the screw speed was
30 rpm. The material was cooled in a water bath and then
pelletized. The fillers used for the experiments have an
average particle size of 0.5–1 mm. However, we would
like to emphasize that shearing forces during processing
leads to the partial breakage of the filler. The particle size
of fillers is c.a. 0.1–1.0 mm [29].
Morphological analysis
The isothermal crystallization process of polypropylene in
the presence wood and cellulose fillers was carried out
using the hot stage optical (Linkam TP93, made in Japan)
and a polarizing optical microscope Labophot-2 (Nikon,
made in Japan) equipped with a Panasonic CCD camera
(KR222, made in Japan). The samples were firstly heated
to 210 C and kept at this temperature for 5 min to erase
the previous thermal effect. Finally, the samples were
cooled at 20 C min-1 to 136 C, at which isothermal
crystallization of the PP was allowed. Dry nitrogen was
introduced to eliminate any possible degradation during
measurement.
Differential scanning calorimetry (DSC)
DSC measurements have been carried out using a Netzsch
DSC 200 under nitrogen atmosphere with a volume of
30 ml min-1. For the DSC measurements, filler particles
were compounded into pellets at 50 % by mass with the
polypropylene. The samples were melted at a heating rate
of 10 C min-1 to 210 C and maintained at this temper-
ature for 5 min in order to eliminate any previous thermal
history of the polymer. Then, the polymer was cooled from
210 to 40 C at cooling rate of 5 C min-1. This procedure
was repeated two times and only second heating and
cooling were used for calculation. The kinetic parameters
of crystallization process of polypropylene, such as the
crystal conversion and half-time of crystallization time
were determined. Based on the determined values for the
enthalpy of crystallization (H), the extent of crystallization








From the curves of a against time (t), the half-time of
crystallization (t0.5) was determined as time when crystal
conversion was 50 %.
Results and discussion
WAXS diffraction analysis
The WAXS patterns of the wood, cellulose (selected form
wood) and cellulose treated with NaOH solution are shown
in Fig. 1.
It can be found that the diffraction patterns of the wood
and cellulose exhibits three peaks at 2H = 15, 17, and
22.7 assigned to cellulose I. Cellulose treated with a sodium
hydroxide show peaks at 2h equal ca. 12.5, 20, and 22,
which are assigned to cellulose II. The calculated results
show that the native cellulose isolated from wood (cellulose I)
was completely converted into cellulose II and that no cel-
lulose I remained in the sample. The authors of [46–49]
confirmed that the crystal structure of cellulose I is trans-
formed into that of cellulose II, usually upon treatment with
NaOH in concentrations higher than 10 % [14, 25, 46, 50].
It should be emphasized, that in our earlier studies [19,
40] we observed that it is not possible to get full conversion
of cellulose I to cellulose II as a result of wood merceri-
zation. Therefore, lignocellulose material after merceriza-
tion is a mixture of two polymorphic varieties of cellulose,
i.e., for wood mercerized with 16 % NaOH, the amount of
cellulose I and II varieties is 60 and 40 %, respectively. It
is necessary to point out that transformation of cellulose I
to II in a wood sample cannot be complete due to the
presence of additional components, like hemicellulose or
lignin. The above phenomena can be explained by the fact
that sodium hydroxide can more easily penetrate the cel-
lulose lattice isolated from wood (without other compo-
nents) as then the effectiveness of mercerization increases.
The calculated crystallinity index values of fillers were
59 % for untreated wood, 45 % for mercerized wood,
72 % for cellulose, and 38 % for mercerized cellulose,


















respectively. It can be found that the crystallinity index of
fillers slightly decreases when the alkalization treatment is
applied. A similar character of the dependence of cotton or
ramie crystallinity during alkali treatment has been repor-
ted in recent works [51–53]. It is well known that the lig-
nocellulosic fillers undergo three distinct process during
mercerization [18, 54, 55]: fiber swelling, disruption of the
crystalline areas and formation of new crystalline lattice
after rinsing away the mercerization solution. The degree
of crystallinity can be well correlated with cellulose
I susceptibility to transformation to cellulose II. Mercerized
cellulose made of cellulose II only, is characterized by the
greatest decrease in crystallinity. On the other hand, mer-
cerization increases the disorder and changes the crystal
structure as a result of cellulose I conversion to cellulose II.
Differential scanning analysis
DSC measurements can be used to investigate the kinetic
parameters of polypropylene crystallization in composite
systems. Figure 2 shows typical exothermic behavior of
polypropylene and polypropylene-containing cellulose and
wood fillers.
The peaks at 111–117 C are attributed to crystallization
of iPP. For the pure polymer, an exothermic peak occurs at
111 C. For the composites, these exothermic peaks shift in
all cases to the higher temperature. The strong increase of
crystallization temperature by 6 C was found at the iPP/
cellulose composites in comparison to pure iPP. The higher
crystallization temperature values of the composites indi-
cate that the crystallization is favored in the presence of
cellulose. It is clear from Fig. 2 that the addition of mer-
cerized cellulose to iPP caused only a marginal effect on
crystallization temperature.
From DSC runs (see Fig. 2) the crystal conversion and
the half-time of crystallization were determined. Figure 3
shows the variation in the crystal conversion of iPP mea-
sured in the presence of various fillers.
It is found that the crystallization of iPP is strongly
influenced by the presence of a filler. All the composites
show a very important increase in crystal conversion of
polypropylene as compared with the pure polymer, which
is attributed to a nucleant effect of fillers on iPP crystalli-
zation. However, for the composites containing cellulose II
only, the decrease in the conversion of the polymer matrix
is significant. Composites with mercerized cellulose are
characterized by the degree of phase conversion almost
identical to that of pure polypropylene. This result indi-
cates that cellulose II is inactive of polypropylene nucle-
ation. Similar relationships can be found for the determined
values of half-times of crystallization (t0.5) presented in
Table 1. The t0.5 is defined as the time necessary to reach a
degree of crystalline transformation of 50 %.
It is evident that the iPP/cellulose and iPP/wood has a
much better nucleating efficiency because of its lowest of
t0.5 value (*1.5 and 1.65 min, respectively). A comparison
of half-time of crystallization values evidences that the
mercerized samples crystallizes longer than the iPP/cellu-
lose and iPP/wood composites (Table 1). However, the
addition of the mercerized cellulose in the polypropylene
matrix no produces any modification in the crystallization
of polypropylene, as can seen in Fig. 3. This suggests that
the cellulose II variety (present in mercerized cellulose
sample, exclusively) cancels out the nucleating effect of
the filler during polypropylene crystallization. In the
composites of polypropylene with mercerized wood, the
presence of 40 % cellulose II also produces a slight
increase in t0.5. According to decreasing t0.5 the fillers can
be ordered as follows: mercerized cellulose [ mercerized
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Fig. 3 The crystal conversion of pure iPP and wood or cellulose/
polypropylene composites
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wood [ wood [ cellulose, while the exactly opposite
relationship is observed for cellulose II amount: mercerized
cellulose \ mercerized wood \ wood \ cellulose.
As far as we are aware there are no reports in the lit-
erature of PP composites where cellulose isolated from
wood and next subject to mercerization are present. From
the data obtained in this work, it seems evident that the
nucleating effect of the fillers occurs only in the presence
of cellulose I variety. On the contrary, the presence of the
cellulose II variety seems to practically eliminate the
nucleating effect of the fillers. Instead, nucleation effi-
ciency of the mercerized wood (mixture of cellulose I and
II) can be also observed, but this effect is not too strong.
The above phenomena can be explained by the fact,
described by Bouza et al. [56], that the presence of the
foreign substrate in the polypropylene reduces the critical
size of the crystalline nucleus necessary for subsequent
growth, since the generation of an interphase between the
polymer matrix and the substrate may be less restricted
than the creation of a crystalline nucleus from the melt.
This means only cellulose I is effective for the formation of
critical size of the crystalline nucleus and acting as an
efficient-nucleating agent for the crystallization of PP.
Polarizing optical microscopy
Figure 4 shows the polypropylene crystallization process in
the presence of various fillers at the temperature of 136 C.
The development of iPP transcrystallinity on the fillers
is clearly shown in Fig. 4a, c. Thanks to the nucleating
ability of wood and cellulose, many nuclei are formed on
the surface. The crystallization behavior of PP changes
when it is mixed with mercerized wood (Fig. 4b). Alkal-
ized wood did not induce TCL to the same extent as the
untreated wood. Some nuclei at the mercerized wood sur-
face were observed but not as many as in the unmodified
wood. The SEM image of iPP mixed with mercerized
cellulose (Fig. 4d) shows no transcrystalline growth. The
differences between transcrystalline growths of polypro-
pylene mixed with various fillers can be explained by
analysis of the presence of cellulose varieties. The poly-
morphic cellulose seems to be an important factor for
inducing or not the formation of transcrystalline layers. Our
results suggest that heterogeneous nucleation take place
during crystallization of iPP matrix when cellulose I vari-
ety is present.
These results are in agreement with those reported by
Quillin and co-workers [35, 36], who have related the
nucleating ability of polymorphic forms of cellulose to the
Table 1 The half-time of crystallization of iPP and the composite
materials
Sample Half-time of crystallization
(t0.5)/min
iPP ? wood 1.65
iPP ? mercerized wood 2.15
iPP ? cellulose 1.5
iPP ? mercerized cellulose 2.7
iPP 2.6
Fig. 4 Optical micrographs of
polypropylene morphologies
obtained in the presence of:
a wood, b mercerized wood,




matching of crystallographic structures of cellulose and
polypropylene. The size matching at a molecular level can
stimulate the epitaxial growth of transcrystalline structures
on the surface of cellulose I. In the earlier paper [40], we
determine the type of nucleation (epitaxial or non-epitax-
ial) taking place upon polypropylene crystallization in the
presence of the two polymorphic forms of cellulose, on the
basis of the theory of heterogeneous nucleation proposed
by Wunderlich [57]. Greater content of cellulose II in wood
is responsible for a decrease in the nucleation activity,
which is manifested by longer half-times of crystallization,
lower degree of phase conversion and lower ability to form
transcrystalline structures.
The influence of mercerization of lignocellulosic filler
on the transcrystalline layers formation has been a subject
of controversy in literature. According to some authors
[34, 58] mercerization of the filler leads to a decrease in its
nucleation abilities and eliminates transcrystallization lay-
ers, while according to others [59] it leads to development
of transcrystallinity. However, it should be mentioned that
the explanations proposed in this work are hypothetical
with no experimental support confirming the role of poly-
morphic cellulose varieties (especially without a quantita-
tive analysis).
The study presented in this paper brings a certain con-
tribution to the actual role of polymorphic varieties in
development of transcrystalline structures of polypropylene
in the presence of lignocellulose fillers. It should be
emphasized that as yet no correlation has been reported
between the quantitative composition of cellulose poly-
morphic forms and the nucleation ability of the wood
surface.
The polarization microscopy results corroborated those
obtained by DSC investigation. It is quite evident that the
presence of cellulose II variety caused a very significant
reduction in the transcrystallinity layer and the crystal
conversion as well as increase in half-time crystallization
in comparison with the effect of cellulose I variety.
However, further consideration of this problem is nec-
essary, and is a future problem in preparation of composite
materials. In the next stage of our study, we intend to
analyze the influence of such physical parameters of fillers
as surface area and elemental composition/surface energy
components polymer. We are convinced that the parame-
ters presented in next our paper will contribute to better
understanding a number of problem related to nucleation
ability of lignocellulosic fillers.
Conclusions
Differential scanning calorimetry and polarizing optical
microscopy were used to investigate the simultaneous
effects of cellulose varieties and different kind of fillers on
the crystallization and morphology of polypropylene
matrix. The findings made from this study can shortly be
summarized as follows:
– The treatment of isolated cellulose (from wood) with
16 % NaOH resulted in the formation of cellulose II
only.
– The increase of crystallization temperature by 6 C was
found at the PP/cellulose I (selected from wood)
composites in comparison to PP pure. Consequently,
it can be suggested that the cellulose I act as
heterogeneous nucleation agents for PP. Moreover, it
is quite evident that mercerization processes of isolated
cellulose caused significant reduction of the degree of
the conversion phase.
– It is perfectly visible that transcrystallization is strongly
influenced by kind of fillers. Mercerized cellulose did
not induce the transcrystalline layer to the same extent
as the treated wood with 16 % NaOH. It is evident that
the nucleation ability for PP on the untreated cellulose
and wood is much higher than on the mercerized fillers.
– The results shows that the addition of filler-containing
cellulose I variety (solely or partial) generates a trans-
crystalline phase while the filler containing cellulose II
(solely) do not induce transcrystalline layer.
– The nucleation ability is increasing due to the amount
of the cellulose I variety.
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